Transplantation studies have suggested that peripheral blood mononuclear cells contain precursors for osteoclasts. Thus we tested the capacity of peripheral blood monocytes to form osteoclasts in long-term culture. We have reported previously that mononuclear cells from feline, baboon, and human marrow form osteoclast-like cells in long term cultures. Further, the formation of these cells is increased in response to bone resorption stimulatory agents such as PTH, interleukin 1, and transforming growth factor a. We now report that these cells show characteristic cytoplasmic contraction with calcitonin and form resorption lacunae when cultured on sperm whale dentine. Thus, these bone marrow-derived multinucleated cells fulfill the functional criteria for osteoclasts. Although cultured peripheral blood monocytes can be induced to form multinucleated cells with 1,25-dihydroxyvitamin D3, these cells did not show similar responses to the osteotropic factors as multinucleated cells formed in the bone marrow cultures multinucleated cells.
Introduction
Osteoclasts are the primary mediators of bone resorption. These multinucleated giant cells form by fusion of mononuclear precursors derived from hemopoietic progenitor cells (1, 2) . However, the precise nature of the osteoclast progenitor is unknown (1, 2) .
We have developed (3-5) a long-term human bone marrow culture system in which multinucleated cells (MNC)' form. These multinucleated cells display characteristics of osteoclasts including: (a) ultrastructural features (3); (b) appropriate regulation of multinucleated cell formation by osteotropic hormones or factors (3) (4) (5) ; and (c) the presence of tartrate-re-sistant acid phosphatase, a marker enzyme for osteoclasts. In this report we show that multinucleated cells that form in these cultures contract in response to calcitonin, a unique feature of mammalian osteoclasts, and form resorption lacunae when cultured on sperm whale dentine, a unique feature of both avian and mammalian osteoclasts. Several studies (6) (7) (8) (9) have suggested that osteoclast precursors are also present in peripheral blood as well as bone marrow. In parabiotic experiments Walker (6) and Gothlin and Ericsson (7) found that the osteoclasts that formed were derived from donor peripheral blood. Similarly, the transplantation studies of Walker (8) have shown that peripheral blood cells could cure osteopetrosis in lethally irradiated rodents. Further, Zambonin Zallone et al. (9) recently reported that chick peripheral blood monocytes can fuse with osteoclasts in vitro. Based on these data, we determined if human peripheral blood mononuclear cells could form osteoclasts in vitro. Although multinucleated cells formed in these cultures, these multinucleated cells differed from the osteoclast-like cells that formed in long term human marrow cultures. These data show that multinucleated cells that formed in long-term bone marrow but not peripheral blood cultures fulfill the functional criteria for osteoclasts.
Methods
Hormones andfactors. 1,25-Dihydroxyvitamin D3 (1,25D3) was generously provided by Dr. Uskokovic, Hoffmann-La Roche, Nutley, NJ.
Bovine PTH was Resorption of sperm whale dentine. Sperm whale dentine slices were washed by ultrasonification for 10 min and sterilized by ultraviolet light irradiation overnight. Human bone marrow mononuclear cells (107 cells) were cultured in the presence of 1,25D3 for 2 wk in T-25 flasks and the flasks were washed vigorously four times with PBS to remove nonadherent cells. 2 ml of PBS containing 0.1% type 1 collagenase (Sigma), and 4 mM EDTA were added, the flasks incubated at room temperature for 20 min, and the cells collected by vigorous pipetting. The flasks were then washed three times with PBS and the washes and collagenase-treated cells were combined. The cells were then washed twice with aMEM/20% horse serum and then counted and resuspended in 0.2 ml aMEM/20% horse serum and 10-8 M 1,25D3. The cell suspension was then plated on a dentine slice in a microtiter plate to which 50 ,ul of aMEM/20%, 10-8 M 1,25D3 had been previously added. The cells were incubated for 6 d. 50 41 of conditioned media from PTH stimulated SaOS osteosarcoma cells was then added, and the dentine slice incubated overnight. We have shown in preliminary experiments that SaOS conditioned media enhances formation of resorption lacunae. For control dentine slices, cells were not added but the dentine slices were otherwise treated in the same manner. The dentine slices were removed, kept moist with PBS, and the cells removed by gently rubbing the dentine between the thumb and first finger. The dentine was then fixed in 5% glutaraldehyde in 0.1 M sodium cacodylate buffer. The slices were then dehydrated, critical point dried, and sputter coated with gold. The specimens were then examined with a scanning electron microscope (model 500; Philips Electronic Instruments, Mahwah, NJ).
Results
Formation of multinucleated cells in long-term cultures ofperipheral blood mononuclear cells. In our initial studies, the optimal conditions for long-term cultures of PBMCs were determined. aMEM with 15% FCS as a growth media was a better media for long-term peripheral blood cultures than aMEM with 20% horse serum, which was used for long-term bone marrow cultures. Screening of different lots of FCS demonstrated considerable variation in their ability to support these peripheral blood cultures. Therefore a single lot of FCS was selected and used for all subsequent experiments. Heat inactivation of serum was not done because it promoted clumping of cells that detached from the culture vessel. The number of multinucleated cells that formed in 25 separate peripheral blood cultures initially containing 106 cells per culture and lacking added osteotropic hormones was 25±10 (mean±SEM, range 0-146). The average number of nuclei per MNC was 5.3±0.3 (mean±SEM) with a range of 3 to 20. Peripheral blood-derived multinucleated cells contained nonspecific esterase and tartrate-resistant acid phosphatase.
Effects of 1,25D3 on MNC formation. As previously reported (3), addition of 1,25D3 at 10-8 M to bone marrow cultures markedly stimulated multinucleated cell formation and maximal formation occurred after 3 wk of culture (Fig. I  A) . Few multinucleated cells formed in bone marrow cultures lacking added osteotropic hormones. Similarly, 1,25D3 stimulated multinucleated cell formation in peripheral blood cultures (Fig. 1 B) . In bone marrow cultures, 10-10 M 1,25D3 significantly increased the number of multinucleated cell and 10-8 M 1,25D3 maximally stimulated multinucleated cell formation after 3 wk ofculture (Fig. 2 A) ( Fig. 2 B) . Multinucleated cells formed in bone marrow cultures stimulated with 1,25D3 contained 7.1±0.5 (mean±SEM, range 3-18) nuclei per cell while multinucleated cells formed in peripheral blood cultures contained 15.1±0.7 (mean±SEM, range 8-27) nuclei per cell.
Effects ofPTH. Addition of PTH to bone marrow cultures significantly stimulated multinucleated cell formation (Fig. 3  A) . PTH at 25 to 100 ng/ml significantly increased the number of multinucleated cells in seven ofeight bone marrow cultures. In contrast, PTH had no effect on multinucleated cell formation in peripheral blood cultures (Fig. 3 B) .
Effects ofcalcitonin. We then compared the effects of calcitonin on formation of multinucleated cells in bone marrow and peripheral blood cultures. In bone marrow cultures, calcitonin alone had no effect on basal multinucleated cell formation but strongly inhibited multinucleated cell formation stimulated by 1,25D3 (Table I ). In contrast, calcitonin failed to inhibit multinucleated cell formation in peripheral blood cultures treated with 1,25D3 (Table I) . Calcitonin also inhibited formation of multinucleated cells stimulated by PTH in bone marrow cultures but had no effect on peripheral blood cultures (Table II) .
Effects of TGF-a and EGF. TGF-a (10-14) and EGF (15, 16) have been shown to stimulate osteoclastic bone resorption in vitro. We have previously shown that TGF-a and EGF stimulate multinucleated cell formation in bone marrow cultures by stimulating the proliferation of precursors for these cells (4) . Therefore, we compared the effects of TGF-a and EGF on multinucleated cell formation in bone marrow and peripheral blood mononuclear cell cultures. Addition of recombinant human TGF-a (0.1 ng/ml) to bone marrow cultures for the first week or for the whole 3 wk did not increase the number of multinucleated cells after 3 wk of culture (Fig. 4  B) . However, treatment of bone marrow cultures with TGF-a for the first week and followed by the treatment with 1,25D3 (10-8 M) for the last 2 wk significantly increased the number of multinucleated cells compared with corresponding control cultures treated with 1,25D3 alone for the last 2 wk (Fig. 4 B) . TGF-a, however, failed to increase the number of multinucleated cells in peripheral blood cultures subsequently treated with 1,25D3 (Fig. 4 A) .
Similarly, treatment of bone marrow cultures with murine EGF (10 ng/ml) for the first week and followed by 1,25D3 for the last 2 wk significantly stimulated multinucleated cell formation (Fig. 5 B) . In contrast, multinucleated cell formation in peripheral blood cultures was not affected by the treatment with EGF (Fig. 5 A) .
Effects of IL-L. IL-1, a monocyte product, has been reported to be a potent stimulator for osteoclastic bone resorption (17) (18) (19) (20) . Treatment of bone marrow cultures with purified IL-1 (100 U/ml) for 3 wk markedly stimulated multinucleated cell formation (Table III) . However, no significant increase in the number of multinucleated cells was observed in peripheral blood cultures treated with IL-1 (Table III) . Time-lapse cinemicrography studies. Chambers and Magnus (21) first demonstrated that calcitonin added to freshly isolated mammalian osteoclasts induces cytoplasmic contraction and immotility in these cells but had no effect on macrophage polykaryons. Therefore, the effects of calcitonin on the behavior of freshly isolated baboon osteoclasts, bone marrow-derived multinucleated cells and peripheral blood-derived multinucleated cells, were compared by time-lapse cinemicrography (Fig. 6) . Addition of calcitonin to isolated osteoclasts (Fig. 6 B) or to bone marrow-derived multinucleated cells (Fig. 6 D) resulted in marked cytoplasmic contraction and decreased motility of the cells. These effects were seen within 30 min after addition of calcitonin and persisted for 10-14 h. It is interesting that 45-50% of multinucleated cells formed in bone marrow cultures did not respond in this manner to calcitonin. In contrast, none of the multinucleated cells that formed in peripheral blood cultures were affected by the treatment with calcitonin (Fig. 6 F) . Resorption of sperm whale dentine. Osteoclasts form resorption lacunae when cultured on sperm whale dentine (22, 23) or bone (24, 25) in vitro. In contrast, macrophage polykaryons do not form these lacunae (26, 27) . Therefore, we determined if marrow or peripheral blood-derived multinucleated cells formed resorption lacunae when cultured on dentine. Dentine was chosen as the test matrix because it contains no osteocyte lacunae to confuse the interpretation of the results (22, 23) . Bone marrow-derived multinucleated cells formed resorption lacunae on sperm whale dentine (Fig. 7) with the number ofdefinite resorption lacunae being 1-10% of the number of total multinucleated cells plated on five separate experiments. Peripheral blood derived multinucleated cells did not form resorption lacunae on sperm whale dentine regardless of the number of cells plated. (37) examined the capacity ofvarious populations ofmononuclear phagocytes to form osteoclasts in stripped bone rudiments and reported that bone marrow but not peripheral blood mononuclear cells formed osteoclasts when co-cultured 548 with bone rudiments. We have shown that the precursor for osteoclast-like multinucleated cells in bone marrow culture is a nonadherent very immature marrow monocyte (38). In contrast, removal of adherent cells from peripheral blood mononuclear cells markedly decreased the multinucleated cell formation in peripheral blood cultures (data not shown). These results suggest that under the culture conditions used in these experiments, in peripheral blood cultures are not osteoclasts. We cannot exclude that using other culture techniques, osteoclasts may be formed by peripheral blood cells in vitro.
In summary, osteotropic hormones and factors regulated multinucleated cell formation in bone marrow cultures. Calcitonin induced cytoplasmic contraction and decreased motility in multinucleated cells formed in bone marrow cultures, and marrow-derived multinucleated cells formed resorption lacunae on dentine. In contrast PTH, calcitonin, IL-1, TGF-a, and EGF had no effect on multinucleated cell formation in peripheral blood cultures, and the multinucleated cells formed in these cultures failed to resorb dentine. These data suggest that long-term human bone marrow culture systems should be useful for evaluating the cell biology of human osteoclasts.
